Formation energies and vibrational frequencies for H in wurtzite GaN were calculated from density fictional theory and used to predict equilibrium state occupancies and solid solubilities for p-type, intrinsic, and n-type material. The volubility of deuterium (D) was measured at 600-800°C as a fhnction of D2 pressure and doping and compared with theory. Agreement was obtained by reducing the H formation energies 0.2 eV from ab-initio theoretical values. The predicted stretch-mode frequency for H bound to the Mg acceptor lies 5'XO above an observed infrared absorption attributed to this complex. It is concluded that currently recognized H states and physical processes account for the equilibrium behavior of H examined in this work.
-2-
INTRODUCTION
Hydrogen is introduced into GaN during growth by metal-organic chemical vapor deposition (MOCVD) and during various stages of subsequent device processing. (See, e.g., Ref. 1 and citations therein.) Uptake is especially pronounced in p-type material, typically resulting in a nearly complete neutralization of Mg acceptors after MOCVD growth. Reversal of this passivation is accomplished by thermal release of the Hat elevated temperatures,2>3 by minority-carrier injection at lower temperatures causing the H to transfer to a metastable, nonpassivating state,4~5 or by electron irradiation.6>7 Thermal-release from p-type material is retarded by the stability of the passivated state, which can cause retention of the H to temperatures where degradation of the semiconductor may occur. Conversely, H passivation during growth is believed to facilitate p-type doping by diminishing the driving forces for formation of electrically compensating defects such as the N vacancy .8$ The need to deal optimally with the varied and technologically important effects of H in GaN provides an impetus to understand its behavior.
The states of H in GaN were previously examined using density-functional theory, which was applied to both the metastable zincblende 10>11 and equilibrium wurtzite *1 sn-uctures. It was concluded that H in interstitial solution can assume positive, neutral, and negative charges, with the neutral species being less stable than one or the other of the charged states for all Fermi energies. These theoretical studies also indicated that H forms a bound neutral complex with Mg acceptors, residing at an antibonding site of a N neighbor of the Mg. The existence of this complex was reinforced by experimental obsemation of an infrared (IR) absorption consistent with a predicted local vibrational mode of the H. 1~Interstitial H2 was predicted to be energetically preferred for a limited range of Fermi energies near the middle of the band gap.
Diffusion activation energies obtained from density-fictional theory indicated that H+ and HO are much more mobile &an H-.
-.
, -3-information. One objective is to assess quantitatively the extent to which experimental observations can be explained in terms of currently recognized atomic processes, thereby extending the largely qualitative interpretations of earlier studies. A second goal is to progress toward a reliably predictive model of H behavior that may ultimately facilitate improved processing of devices. Our theoretical approach has two parts. FirsL density-functional theory is employed to calculate the energy of H as a function of lattice position and charge state at zero temperature, thereby allowing energy minim% vibrational frequencies, and diffision activation energies to be determined. Aspects of this work were reported previously. 11 The results are then used in diffbsion-reaction theory to model the behavior of the Hat elevated temperatures.
Properties that are predicted and compared with experiment include the volubility of H, its vibrational spectrum, the rate of uptake from H2 gas, and the rates of thermal release and associated dopant activation. In this article we deal with equilibrium state populations and the volubility of H at temperatures above 400"C, where local equilibration among states is expected to be rapid. By including in detail the effects of H vibrations and degeneracies, our treatment of the absolute volubility goes beyond what has previously been done for semiconductors. The investigation encompasses p-type, Mg-doped GaN, intrinsic material, and n-type. Si-doped GaN, with particular attention being devoted to the case of Mg doping. A subsequent paper will discuss diffusion, uptake, release, and activation of dopants. A preliminary repon of this work appeared previously. 13
II. STATE ENERGIES FROM DENSITY-FUNCTIONAL THEORY
Density functional theory was used to calculate the energy of H in wurtzite GaN as a function of lattice position and charge sttie at zero temperature, using methods detailed elsewhere. 11 Hydrogen interactions with Mg acceptors and Si donors were included. The periodically repeated supercell employed in these calculations contained 72 atoms. and energyrninimizing lattice relaxation was included. The results were used to identifi the stable cotilgurations of H and to evaluate the associated formation energies. In order to estimate H vibrational frequencies, we calculated restoring forces for small displacements of the H atom in orthogonal directions about the minimum-energy position with other atoms held fixed and diagonalized the resulting force-constant matrix. The frequency was then evaluated using the actual mass of the H atom rather than a reduced mass. Activation energies for difision of H+, HO, and H-~ong the c-axis were obtained by consideration of multiple paths between neighboring stable sites with host-lattice relaxation taken into account.
In the case of H+, two nearly degenerate energy minima were identified having the configurations shown in Figs closer to the smaller, electron deficient Ga than to the larger, more electronegative N. In the case of H-, this tendency is enhanced by electrostatic attraction, and there is a noticeable rekuxation of Ga atoms toward the H. The presence of Si+ on the Ga sublattice produces a still greater attraction, and the resultant displacements of the H and Si are accordingly larger. given by the dashed lines in Fig. 2 .
The valence and conduction bands of wurtzite GaN were previously treated using density-fimctional theory, 18 and from the findings of that work we evaluated band densities-ofstates (DOS), thereby enabling the calculation of Fermi energy and carrier concentrations discussed in Section HI. The resuking DOS are shown in Fig. 3 . In the case of the conduction band, the DOS is nearly parabolic, reflecting a unique effective carrier mass of 0.18 eIectron masses (mo). This agrees well with recent experimental results. 1g-~1 The valence band is more complicated, 1*~22>23comprising multiple, anisotropic, nonparabolic lobes that combine to give the DOS shown in Fig. 3 . We note that the near-edge effective mass for heavy holes obtained from density-functional theory is about 2mo,23 an exceptionally large value for semiconductors.
Reported experiment results for the effective hole num have varied considerably, and include, for example, a widely cited eadier determination of 0.8 mo24 and a recent, higher value of 2.2 mo. 25 We conclude provisionally that the theoretical DOS for the valence band shown in 
CALCULATION OF STATE OCCWANCIES~HYDROGEN VOLUBILITY
The zero-temperature formation energies shown in Fig. 2 have several qualitative implications for the behavior of H in GaN. These are discussed more readily using the lowestenergy states of the Mg acceptor and Si donor as the energy reference, so that for the Mg-H and
Si-H complexes the dashed lines in the figure should be considered rather than the solid Iines.
When the Fermi level is close to the valence-band edge, both H+ and the Mg-H complex are predicted to be substantially lower in energy than H2 gas. This property is atypical among semiconductors, and it is attributable largely to the strength of the N-H bond. It implies that H will go exothermically from the gas into solution in p-type material. As this process continues, In order to describe the elevated-temperature behavior of H more quantitatively, we include in the H chemical potential not only the above formation energies, but also contributions from the local-mode vibrations of the H listed in Table I, The H vibrational chemical potential, including both enthalpy and entropy parts, is given in the harmonic approximation by27
where h is Planck's constant and Vi,j is the frequency for vibrational mode j of species i given in Table I . These quantities are plotted as functions of temperature in Fig. 4 , where both the magnitudes and the temperature dependencies are seen to be far from negligible. From
Cfg . Cfg _ inspection of the configurations in Fig. 1 , Z~=3 and ZHO -1. We assign spin degeneracies on the basis that the neutral H atom and the neutral dopants each have a single unpaired electron, which is removed upon i&ization; accordingly, z~~'1 and z~p~'~. 
f --? ?4 eV is the where P* is the fugacity (equal to pressure at low pressures) of the gas, Egas ----zero-temperature formation energy per atom relative to the neutral atom in vacuum, and ( ) P; = 1 bar is standard pressure. The quantity~gas (P;, T) -~ga~(P; ,0) is extracted from published thermodynamic tablesl 7 and is plotted as a function of temperature in Fig. 5 . The volubility of any of the previously discussed H species in GaN can be calculated by equating its chemical potential to that of the gas. As a matter of mathematical convenience, we do this for the neutral and always diiute solute HO, thereby avoiding a Fermi-level dependence and Using the straight-line fit in the figure, and employing parameter values already discussed, we obtain from Eq. (12) [HOrO'=( 6.6x 1019atoms/cm ')[$~'2exp(-2p) .
The solubilities of all other species can be calculated from~O]sol using Eqs. The predicted behavior of H in intrinsic GaN is qualitatively different from that in p-type material, as seen in Fig. 7 . The volubility at lower pressures is greatly reduced, and the near equality of the H+ and H-concentrations develops at a Hz-gas pressure of only -1 bar. Under this condition the material is slightly n-type. A fiu-ther large change occurs on going to heavily Si-doped, n-type GaN. The modeled behavior is analogous to that for the p-type case, with significant volubility at 1 bar gas pressure and saturation when [H-] approaches the donor concentration; however, the pressure required for saturation is shifted upward from p-type, primarily due to the higher formation energies of H-and SiH shown in Fig. 2 .
IV. EXPERIMENTS -13-

AND COMPARISON WITH THEORY
Gallium nitride was grown epitaxially on sapphire by MOCVD as described elsewhere.30
The films were 1.5-2~m thick, and included an intermediate layer of at 900°C, which in the case of the p-type material reduced the H concentration to -1 ()17 atoms/cm3; in one inst~ce, however, the meal was 1 how at Soo"c, resulting in a concentration of-1 018 H/cm3 as found from SIMS. The annealing was carried out in a quartz furnace tube that was continuously ion-pumped to a pressure of-10-7 Torr.
The behavior of H in GaN was investigated using the deuteriurn (D) isotope. This was introduced by heating in D2 gas at pressures from 0.0013 to 0.88 bar and temperatures from 600 to 800°C. These treatments were carried out in the aforementioned fimace tube, which was pumped to high vacuum and then charged with research-grade gas. Charging was terminated by removing the furnace in -1 s while the gas remained in the tube. The D concentration was determined primarily through the nuclear reaction D(~He,p)4He, which was produced by a~He ion beam. Protons from-the reaction were counted as a function of 3He energy from 0.4 to 1.6
MeV, and the concentration-versus-depth profile of the D was then extracted by a deconvolution procedure34 using the published energy-dependent nuclear cross section35 and He-ion slowing .+.,.
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rate.36 This approach determines the absolute concentration without using reference standards, and the estimated uncertainty is +1 5°/0under the conditions of the present experiments. In comparison, the concentrations obtained from SIMS are considered to be accurate within about a factor of 1.5; SIMS was nevertheless employed to profile Din selected cases because of its higher depth resolution and greater sensitivity. h example of nuclear-reaction profiling is given in Fig. 10 , which shows the measured nuclear-reaction yield and derived concentration profile for a Mg-doped specimen that was charged in D2 gas at 0.88 bar and 700"C for 5 hours. In carrying out the deconvolution, the concentration profile is approximated by a small number of contiguous straight-line segments whose positions along the depth axis are chosen to accommodate known transitional regions such as the surface and the base of the Mg-doped region. The terrnini of these segments are then adjusted in concentration to fit the measured nuclear-reaction yields in a least-squares sense. The fit to the data is represented by the curve in the figure.
The equilibrium concentration of D in Mg-doped GaN exposed to D2 gas at 700"C was measured as a fimction of D~pressure, and the results are shown in Fig. 11 . The sequence of the charging pressures is indicated by the numbers adjacent to the data points, and was chosen so as to establish reversibility. Data point number 2 is from the depth profile in Fig. 10 . Measurement number 4 followed a vacuum anneal that produced a concentration below the range plotted. The uptake and release of D are retarded by a surface barrier, whose properties will be discussed in a subsequent paper. Consequently, in order to confirm the attainment of equilibrium, multiple measurements for different anneal times were carried out at a given pressure. Uptake rate increases with increasing pressure, so that the longest anneal was at the lowest pressure, 64 hours at 0.0013 bar. For all of the experiments discussed herein, diffision within the Gall film is not expected to be rate-controlling. This is inferred by using the diffusion activation energies in Table I and a representative prefactor of 10-3 cm2/s.
The saturation concentration of D in Fig. 11 is near2.OX1019 atoms/cm~, significantly less than the Mg concentration of -5 x 1019. This difference was observed for materials from a .->,-----.
-15-, number of growth runs, with saturation levels ranging from 1.9 to 2.5x1019 D/cm3. Such behavior is not unexpected, since room-temperature hole concentrations in Mg-doped MOCVD GaN are generally found to be less than predicted for ,filly active, uncompensated Mg acceptors.
As already noted, the specimens used in the present study exhibited room-temperature hole concentrations near 4X1017 cm-3 afier H outgassing, whereas the formalism of Section 111 predicts that 5x1019 Mg/cm3 with no compensation will result in a hole concentration of 2.OX1018 cm-3 at 300 K. While the origin of such differences has not been definitively [D0T01=(62x1019at0ms'cm
-16-> The pressure-dependent volubility obtained from the theoretical model is given by the solid curve in Fig. 11 . The experimental data lie above the prediction, implying that the absolute H energies in GaN obtained from density-fictional theory err in the positive direction. The dashed curve shows the result when alI of the formation energies for interstitial H in Fig. 2 are reduced by 0.22 eV, which is accomplished by changing the activation energy in Eq. (14) to 2.50 eV. In view of the fact that the volubility comparison tests absolute formation energies, we regard the above disparity as within the theoretical uncertainty. As already noted, the fugacity scales in Figs. 6-8 were calculated using the same reduction of the activation energy in Eq. (13).
The gas-phase charging experiments on p-type material were also carried out at 600 and Although the determination of the IR absorption strength is somewhat imprecise, the similarity of the two variations tends fh-t.her to support the predominance of a singIe D state after the gasphase charging.
The above gas-phase charging is predicted to reduce the hole concentration greatly as a result of compensation and MgH formation, as seen in Fig. 6 . To verifi this, we made roomtemperature resistivity and hall-effect measurements before and after the introduction of D. The
Mg-doped specimen was initially activated by rapid thermal annealing at 10OO°Cfor 7s in flowing N2. Contacts for the four-point electrical measurements were subsequently made by electron-beam deposition of Ni and then Au. Before D charging, the resistivity of the film was 2.6 Q-cm and the carrier concentration 3.6x 1017 cm-~. Afier heating in D2 gas at 700"C for 4 hours, the resistivity had increased to 1.4x 104 Q-cm. While the hole concentration could not be determined quantitatively at such high resistivities, it was also reduced by several orders of magnitude from the starting value. . In experiments reportedelsewhere, 38 Mg We also carriedout D2-gas exposures of GaN that was nominally undoped but in fact n-type, presumably due to the presence of O-impurity donors .3~>~~This interpretation of the doping in our material is consistent with the near equality of the grown-in O concentration 
V, CONCLUSIONS AND IMPLICATIONS
The equilibrium behavior of H in GaN at elevated temperatures was quantitatively predicted using results obtained from density-functional theory, and these predictions were compared with measured solubilities and other experimental information. We consider the consistency between theory and experiment to be satisfactory, in that quantitative agreement for the volubility required an adjustment of only 0.2 eV in the solution-state formation energies, and the predicted H stretch-mode frequency for the Mg-H complex differs from an experimentally observed IR absorption by only 5°/0.Thus, recognized H states and physical process appear adequate to account for the equilibrium properties considered here. Moreover, as we shall report separately, a similar conclusion holds for thermal release and uptake from the gas phase, provided that account is taken of a pronounced surface-barrier effect. These considerations 
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FIGURE CAPTIONS
1.
2.
3.
4.
5.
6.
7.
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9. Minimum-energy conjurations of H in wurtzite GaN obtained from density-fimctional theory. The projection is orthographic, alloting lattice relaxations to be discerned. The energy of H+ does not differ significantly between the configurations in (a) and (b).
Formation energies for the H states in Fig. 1 from density- Contributions to the H chemical potentials from vibration, evaluated in the harmonic approximation using the theoretical frequencies in Table I . 
.
04 .
00 .
-02 . 
